Abstract Alzheimer's disease (AD) is a common agerelated chronic illness with latent, prodrome, and fully symptomatic dementia stages. Increased free radical injury to regions of brain is one feature of prodrome and dementia stages of AD; however, it also is associated with advancing age. This raises the possibility that age-related free radical injury to brain might be caused in part or in full by latent AD. We quantified free radical injury in the central nervous system with cerebrospinal fluid (CSF) F 2 -isoprostanes (IsoPs) in 421 clinically normal individuals and observed a significant increase over the adult human lifespan (P \ 0.001). Using CSF amyloid (A) b 42 and tau, we defined normality using results from 28 clinically normal individuals \50 years old, and then stratified 74 clinically normal subjects C60 years into those with CSF that had normal CSF Ab 42 and tau (n = 37); abnormal CSF Ab 42 and tau, the biomarker signature of AD (n = 24); decreased Ab 42 only (n = 4); or increased tau only (n = 9). Increased CSF F 2 -IsoPs were present in clinically normal subjects with the biomarker signature of AD (P \ 0.05) and those subjects with increased CSF tau (P \ 0.001). Finally, we analyzed the relationship between age and CSF F 2 -IsoPs for those clinically normal adults with normal CSF (n = 37) and those with abnormal CSF Ab 42 and/or tau (n = 37); only those with normal CSF demonstrated a significant increase with age (P \ 0.01). These results show that CSF F 2 -IsoPs increased across the human lifespan and that this agerelated increase in free radical injury to brain persisted after culling those with laboratory evidence of latent AD.
Introduction
Alzheimer's disease (AD) is the most common neurodegenerative disease and demonstrates exponential increase in prevalence with advancing age beyond 60 years. Autopsy, neuroimaging, and biomarker studies all consistently support the proposal that AD is a chronic illness that begins years if not decades prior to onset of clinically detectable cognitive impairment (Table 1) Sonnen et al. (2008) . Thus, like all chronic diseases AD can be conceptualized in three stages: latency when disease has started but is asymptomatic, prodrome when disease has progressed and very mild clinical signs and symptoms are present, and clinical when disease has advanced still further and now the full clinical spectrum is expressed. The prodromal stage of AD most commonly is operationally defined by amnestic mild cognitive impairment (MCI) (Petersen and Negash 2008) . The stage of full clinical expression of AD is the most common contributor to the dementia syndrome while vascular brain injury (VBI), especially from small vessel disease or micro VBI (lVBI), is the second most common chronic disease to contribute to dementia, often in combination with AD Sonnen et al. (2007) .
It is critical to realize that latent disease cannot be distinguished from absence of disease by clinical examination or neuropsychological testing, but rather requires some ensemble of laboratory-based methods to detect disease initiation in the absence of symptoms. In the past, autopsybased comparisons of carefully documented asymptomatic individuals were the only means to investigate latent disease vs. no disease, and Dr. Markesbery was a world leader in this important area of research (Schmitt et al. 2000; Petrovitch et al. 2005; Tyas et al. 2007; Iacono et al. 2009; Markesbery et al. 2009; Price et al. 2009 ). However, there are clear limitations to this approach-most importantly the focus on older individuals, and the asynchrony between last clinical evaluation and autopsy. More recently, the advent of neuroimaging and biomarker technologies has provided tools that appear to be helpful in distinguishing latent disease from absence of disease in the clinical research setting (Sonnen et al. 2008) ; these laboratory tools currently are more advanced for AD than lVBI. Indeed, using decreased CSF Ab 42 and increased CSF tau concentrations, we and others have confirmed that an abnormal CSF tau/Ab 42 ratio indicates increased risk of subsequently developing MCI or AD-type dementia, strongly indicating that these two proteins may have utility as biomarkers of latent AD (Fagan et al. 2007; Li et al. 2007 ). Decreased soluble CSF Ab 42 is correlated with accumulation of fibrillar Ab peptides in regions of cerebrum as insoluble aggregates (Fagan et al. 2006 ), including senile plaques, which arise during the latent stage of AD (Schmitt et al. 2000; Petrovitch et al. 2005; Tyas et al. 2007; Iacono et al. 2009; Price et al. 2009 ). It is important to stress that elevated CSF tau is not specific to AD but rather appears to derive from neuronal damage from a variety of etiologies, including VBI (Sonnen et al. 2008 ).
We and others have pursued increased free radical injury as a mechanism by which AD damages neurons and perhaps other tissue elements in diseased regions of cerebrum and have validated repeatedly the seminal observations by Dr. Markesbery and colleagues (Smith et al. 1991; Sonnen et al. 2008) . Quantification of F 2 -Isoprostanes (IsoPs) by a stable isotope dilution technique with gas chromatography/mass spectrometry and selective ion monitoring is a robust quantitative in vivo biomarker of free radical injury to tissue under a variety of biological stressors or diseases (Roberts and Morrow 2000) . We adapted this methodology to investigate CSF and showed that dementia stage AD is associated with significantly increased CSF F 2 -IsoPs (Montine et al. 1998) ; however, it is important to note that all of our studies observed approximately one-third overlap in CSF F 2 -IsoPs between patients with dementia stage AD and controls with the remainder of AD patients skewing to higher CSF F 2 -IsoP concentrations (Montine et al. 2007 ). We also demonstrated that CSF F 2 -IsoPs may be used in conjunction with CSF Ab 42 and tau to increase the accuracy of laboratory diagnosis of AD (Montine et al. 2001) . Several groups validated our findings, and we and others expanded these observations to include individuals with MCI or some individuals with Clinical Dementia Rating 0.5 (Quinn et al. 2004) , again showing overlap with controls, at least in our studies. Several publications report an increase in plasma or urine F 2 -IsoPs in patients with dementia stage AD or MCI (Pratico et al. 2000; Tuppo et al. 2001; Pratico et al. 2002) ; however, these results are not reproducible (Montine et al. 2002; Irizarry et al. 2007; Mufson and Leurgans 2010) .
Here, we undertook the first in vivo investigation into quantitative biomarkers of free radical injury in latent AD.
Methods

Subjects and CSF Samples
Human Subject Divisions at Oregon Health & Science University, the University of California at San Diego, and the University of Washington approved this study. Subjects were compensated community volunteers in good health with no signs or symptoms, suggesting cognitive decline or neurologic disease. Exclusion criteria included heavy cigarette smoking (more than 10 packs/year), alcohol use other than social, and any psychotherapeutic use. Following informed consent, all individuals underwent evaluation that consisted of family and medical histories, physical and neurologic examinations, laboratory tests, and neuropsychological assessment. Laboratory evaluations included complete blood count, serum electrolytes, blood urea nitrogen, creatinine, glucose, vitamin B12, and thyroid stimulating hormone; all results were within normal limits for samples included in this study. The neuropsychological battery consisted of a global cognitive measure, the MiniMental State Examination (MMSE) (Folstein et al. 1975) , memory tests including immediate and delayed recall (Wechsler 1987; Craft et al. 1996) , and parts A and B of the Trail Making Test as a measure of attention (Reitan and Wolfson 1986) . All subjects scored in the normal range for all tests. CSF was obtained by lumbar puncture at all institutions by the same method (Peskind et al. 2005) . Briefly, following written informed consent, individuals were placed in the lateral decubitus position, and the L4-5 interspace was infiltrated with 1% lidocaine. Lumbar puncture was performed with a 20 gauge or 24 gauge spinal needle following which individuals remained at bed rest for 1 h. All lumbar punctures were performed in the morning to limit potential circadian fluctuation.
CSF Assays
All CSF for analysis was taken from the 15th to 25th ml collected, was stored in 0.5 ml aliquots at -80°C, and was never thawed prior to this study. CSF was analyzed for Ab 42 and total tau using multiplexed Luminex reagents from InnoGenetics (Alpharetta, GA), according to manufacturer's instructions and as previously described by us (Montine et al. 2010) . CSF F 2 -IsoPs were quantified using a stable isotope dilution assay with gas chromatography/ mass spectrometry and selective ion monitoring as described previously (Milatovic et al. 2005) .
Statistical Analysis
Statistical analysis was performed using GraphPad Prism (San Diego, CA).
Results
We determined CSF F 2 -IsoP concentrations from 412 volunteers who were clinically normal and who performed within normal ranges on a battery of neuropsychological tests (Fig. 1) . These 412 clinically normal volunteers ranged in age from 21 to 89 years old (mean ± SD = 59 ± 17 years) and had average CSF F 2 -IsoPs concentration of 29.2 ± 8.4 pg/ml. Despite substantial variance across the adult human lifespan, we observed a statistically significant (P \ 0.001) age-related increase in CSF F 2 -IsoPs that could be reflected in a best-fit line with a positive slope of 0.1 pg F 2 -IsoPs/ml CSF/yr and intercept of 24.3 ± 0.1 pg F 2 -IsoPs/ml. It is interesting to note that the CSF F 2 -IsoPs concentration in this clinically normal cohort was on average 16% greater than our previous clinically normal cohorts that had average CSF F 2 -IsoPs = 25 pg/ml (Montine et al. 2007 ), a difference that may be related to variation in inclusion or exclusion criteria. In summary, in this largest group of clinically normal individuals published to date, our results show a positive relationship between advancing adult age and increasing CSF F 2 -IsoPs but with substantial variance in CSF F 2 -IsoPs across all ages.
We sought to determine the extent to which this agerelated increase in CSF F 2 -IsoPs was driven by latent AD by using CSF Ab 42 and tau as biomarkers. Of the 412 clinically normal individuals described earlier, we selected 102 subjects that also had CSF Ab 42 and tau concentrations quantified. Of these, 28 individuals were \50 years old. Similar to our previous studies, we assumed these 28 clinically normal younger individuals to be very unlikely to harbor latent AD, and used their laboratory results to define normal cutoff values of Ab 42 , tau, and the tau/Ab 42 ratio (Table 2) ). Since Ab 42 concentrations decrease in AD, the normal cutoff for Ab 42 was the mean for these younger controls minus 2 SD. Similarly, since tau and tau/Ab 42 ratio increase in AD, normal cutoff for these was the mean of younger controls plus 2 SD. Our normal cutoff values compare well with those recently reported by the AD Neuroimaging Initiative. We next applied these normal cutoff values to all subjects who were 60 years or older (n = 74). We stratified our clinically normal older subjects into four groups based upon CSF Ab 42 , tau, and tau/Ab 42 results: (i) Normal CSF who had normal Ab 42 and tau concentrations and a normal tau/Ab 42 ratio (n = 37), (ii) Abnormal CSF Ab 42 & Tau who had low Ab 42 and high tau concentrations (n = 12), or a high tau/Ab 42 ratio even though concentrations of both analytes were in normal ranges (n = 12), (iii) Low CSF Ab 42 Only who had low Ab 42 and normal tau concentrations (n = 4), or (iv) High CSF Tau Only who had normal Ab 42 and high tau concentrations (n = 9) (Fig. 2) . This distribution showed that 50% (n = 37) of clinically normal adults C60 years of age had no evidence of latent disease as determined by CSF Ab 42 and tau measurements. Thirty-eight percent of clinically normal controls C60 years old had laboratory evidence of latent AD as defined in the Abnormal Ab 42 & Tau or low CSF Ab 42 Only groups. Finally, 12% of clinically normal older individuals had abnormally high CSF tau with normal CSF Ab 42 concentration. Given the lack of specificity of CSF tau, it is not clear if members of this last group have latent AD, latent VBI, or some other latent disease of brain.
We then compared CSF F 2 -IsoPs among these four groups of clinically normal individuals who were defined by CSF Ab 42 and tau concentrations (Fig. 3) . Of note, the Normal CSF group (n = 37) had CSF F 2 -IsoPs that averaged (±SD) 25.6 ± 0.7 pg/ml, identical to our previously reported value for normal CSF F 2 -IsoPs in older adults. Analysis of variance for CSF F 2 -IsoPs among these four groups had P \ 0.001 and Bonferroni's corrected multiple comparison test had P \ 0.05 for Normal CSF vs. Abnormal Ab 42 & Tau, and P \ 0.001 for Normal CSF vs. High CSF Tau Only. Although the number of samples is small, especially in the Low CSF Ab 42 Only group, these data indicate that CSF F 2 -IsoPs are increased in clinically normal individuals who show either absolute or relatively low CSF Ab 42 and high tau concentrations and are even further increased in those who display only high CSF tau. Like the dementia stage of AD, these data are consistent with the interpretation that CSF F 2 -IsoPs are increased in some individuals with latent AD, a finding that will require validation in longitudinal studies and with different methods.
We returned to our assessment of age-related increase in CSF F 2 -IsoPs but this time stratified by presence or absence of Ab 42 and/or tau abnormalities. We divided the individuals shown in Fig. 2 into two groups: the Normal CSF group (n = 37) and all other individuals with abnormalities of CSF Ab 42 and/or tau concentrations (n = 37) and performed linear regression for age vs. CSF F 2 -IsoPs in each (Fig. 4) . In contrast, clinically normal individuals with abnormal CSF Ab 42 and/or tau concentrations or an abnormal CSF tau/Ab 42 ratio did not have a significant correlation between age and CSF F 2 -IsoPs. We interpret these data as evidence that advancing age is associated with progressive free radical injury to brain even in the absence of disease(s) that cause abnormalities in CSF Ab 42 and/or tau. In contrast, disease(s) that cause abnormalities in CSF Ab 42 or tau concentrations or ratio are associated with increased free radical injury independent of age.
Discussion
Free radical injury to diseased regions of cerebrum has been identified in autopsy samples from patients who died with AD or MCI (Smith et al. 1991; Lovell and Markesbery 2007) , and, at least for measurements like F 2 -IsoPs and related iso prostanoids, these assessments are not confounded by agonal events (Sonnen et al. 2009 ). Although important to our understanding of disease mechanism, autopsy-based studies are limited in assessing changes that occur early in the course of disease and cannot be used in longitudinal studies of the natural history of disease or response to therapeutics. It is for these reasons that in collaboration with Dr. Markesbery we developed CSF F 2 -IsoPs as a means to quantify free radical injury to brain intra vitam (Montine et al. 1998; Montine et al. 1999) . Several groups around the world have adopted this approach using different assays (Sonnen et al. 2008) . All have verified that the dementia stage of AD is associated with statistically significantly increased CSF F 2 -IsoPs, although there is substantial overlap with controls in most studies. Some have reported similar findings in CSF from patients with very mild dementia (CDR 0.5) or individuals with MCI. For the first time, here we extend these investigations into latent stage AD . There is as yet no widely accepted means of detecting latent AD, although two promising research tools are neuroimaging for fibrillar Ab peptides and quantification of CSF Ab 42 and tau (Fagan et al. 2007; Li et al. 2007; Rentz et al. 2010) . We wish to stress that although we caricature chronic disease progression as an orderly transition from latent to prodrome to full expression, there is no requirement that this be so; indeed, medicine is replete with examples of patients with chronic disease that do not follow an orderly progression and others that progress only partially. Undoubtedly, the same will be true for AD and as we develop the tools necessary to probe disease mechanisms in vivo, we almost certainly will uncover some latent disease that does and some that does not progress to clinical expression. Clarity for these important points will come from longitudinal studies. Thus, although currently limited, here we used CSF Ab 42 and tau concentrations to define latent disease that at least indicates increased risk of subsequent MCI or AD.
Our results showed that 50% of individuals 60 years or older had normal CSF Ab 42 and tau, 33% had abnormal CSF Ab 42 and tau, 5% had low CSF Ab 42 only, and 12% had high CSF tau only. CSF F 2 -IsoPs concentration among those with normal CSF Ab 42 and tau was identical to control values reported by us in several previous publications and very closely approximated the y-intercept for CSF F 2 -IsoPs vs. age across the human lifespan. This prevalence for abnormal CSF Ab 42 and tau approximated the proportion of individuals is this age range that would be expected ultimately to develop MCI or dementia from AD and is remarkably consistent with PET imaging for fibrillar Ab peptide accumulation in brain among cognitively normal older adults (Buckner et al. 2005; Mintun et al. 2006; Aizenstein et al. 2008) . Consonant with many other studies of animal models and human tissue from patients with MCI or dementia from AD (Sonnen et al. 2008) , we observed significantly increased CSF F 2 -IsoPs in those clinically normal individuals C60 years old who had laboratory evidence of latent AD: abnormal CSF Ab 42 and tau. As in our earlier studies of symptomatic subjects, there was considerable overlap in CSF F 2 -IsoP concentrations between those with normal and abnormal CSF Ab 42 and tau concentrations. These results suggest that, like prodrome and dementia stages of AD, increased free radical injury is a feature of some individuals with latent AD.
Only 5% of clinically normal individuals C60 years old had low CSF Ab 42 and normal CSF tau concentrations. This is an interesting group that may be interpreted by some as an even earlier stage of latent AD than those with abnormal Ab 42 and tau, although this is speculative. A larger group, 12% of our clinically normal volunteers C60 years old, had increased CSF tau and normal CSF Ab 42 concentrations. Increased CSF tau is not specific to AD but is characteristic of other diseases of brain, including VBI (Hesse et al. 2001) . Large or territorial ischemic strokes, a type of VBI, are known to increase free radical injury to brain and to increase CSF tau and F 2 -IsoP concentrations . Members of our study were clinically normal and so are very unlikely to have unrecognized territorial infarcts of brain. However, lVBI commonly is clinically silent and, based on autopsy studies, would be expected to be present in about 10-15% of those over 65 years of age. Moreover, we have shown that lVBI is associated with increased free radical injury to human cerebrum (Sonnen et al. 2009 ). Unknown is whether free radical injury from lVBI is reflected in increased CSF F 2 -IsoPs. Our results raise this possibility. If true, then we need at least to reconsider the interpretation of increased CSF F 2 -IsoPs in patients with MCI or dementia stage of AD. Free radical injury can derive from AD but perhaps may also derive, at least in part, from comorbid lVBI.
Our results with CSF F 2 -IsoPs in clinically normal adults demonstrated that, like prodrome and dementia stages of AD, latent AD is associated with statistically significantly increased CSF F 2 -IsoPs. In further analogy to symptomatic stages of AD, there was substantial overlap between clinically normal subjects with and without laboratory evidence of latent AD. This consistent pattern of overlap with controls across all stages of AD has potentially profound implications for our understanding of disease mechanism, the interpretation of previous clinical trials, and the organization of future trials. If only a subset of individuals with AD have increased free radical injury, then this raises the possibility that the mechanism(s) by which neurons are damaged may differ among patients that meet criteria for AD and implicates the need for tailored therapeutic approaches. In this specific instance, if only a subset of individuals with AD have increased free radical injury, then clinical trials of antioxidant interventions in subjects with AD ''not otherwise specified'' may have been destined to fail since about one-third of subjects would not need suppression of free radical mechanisms. Going forward, it would seem prudent to use tools like CSF F 2 -IsoPs to demonstrate first pharmacologic efficacy of any proposed antioxidant intervention, and then select for a therapeutic trial those subjects who show evidence of ongoing increased free radical injury to brain. Our results suggest that this strategy should be employed at all stages of AD.
